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ABSTRACT 
 
 
Carbon fiber reinforced plastic (CFRP) is a composite, composed of reinforcing carbon fiber 
and matrix resin. CFRP is widely used in various fields, such as aerospace, automotive, robotics, 
and civil infrastructures, due to its excellent corrosion resistance and superior physical 
characteristics like strength-to-weight ratio, compared with traditional metals. Therefore, it has 
been constantly utilized and developed as the state-of-the-art material in numerous applications. 
Machining is indispensable when applying CFRP in these various industries, among which 
drilling process is indispensable for assembling different parts into products. However, unlike 
metals, CFRP holds heterogeneous properties. During the drilling process, delamination and 
uncut fibers are generated by the thrust force generated in the feed direction. While   
delamination at the outer surface can be detected by visual inspection, internal defect cannot 
be observed by the naked eye. These defects need to be predicted because of not only reducing 
the durability of the product but also causing deterioration in quality. 
This thesis presents the simplified FE model and method to predict the mechanical phenomena 
during the drilling process. To investigate these phenomena, a simulation model was developed 
with commercial FEM software, ABAQUS. Through the developed FE model, it was possible 
to predict the delamination through the stress distribution of each layer generated after the 
drilling process. In addition, it was possible to identify uncut fibers for each layer through this, 
and furthermore, the possibility of suggesting optimum processing conditions can be confirmed. 
Also, based on the analysis data obtained from the FE model, the change in the thrust force 
according to the drill entry position at the time of drilling was confirmed, and the accuracy of 
the developed analytical model was confirmed by comparing the experimental data with the 
analytical data. 
Therefore, FE model was developed to investigate defect prediction, and the results from FE 
analysis was compared this with experimental data to minimize errors in CFRP drilling process. 
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1. INTRODUCTION 
 
1.1 Background 
 
Carbon fiber reinforced plastic (CFRP) is a composite material constituted of reinforcing carbon fiber 
and polymer matrix. CFRP machining has several unique phenomena and characteristics compared to 
metal cutting. The main characteristic of metal machining is plastic deformation, but this is not valid in 
fiber reinforced plastic (FRP) machining. Plus, chip morphologies of CFRP cutting are observed as dust 
and abrasive chip in contrast to a chip flow over the tool edge during the metal machining. 
CFRPs have various superior mechanical properties such as higher corrosive resistance, higher tensile 
strength-to-weight ratio, and lower weight to those of metals. Due to these advantages, CFRPs are 
utilized in numerous industries such as aerospace, aviation, and automotive. Among the wide 
applications, CFRP machining has become indispensable in aerospace and automotive, because the 
drilling process is compulsory for assembling adjacent parts. 
In spite of many advantages of CFRP, there are some critical problems in terms of the drilling. During 
the drilling to a workpiece, there are unnecessary forces which lead to tool-life-reduction, delamination, 
poor surface quality, and hole size inaccuracy. The accuracy of the hole size is the important factor in 
drilling, and is affected by the forces induced from the drilling. There are damages in the workpiece, 
temperature increase, plasticity and friction between a drill and a workpiece. These problems are 
generated from the discrepancy between the FRP drilling and that of metal. 
The main issues during CFRP drilling are delamination, tool wear and surface roughness. These 
defects can downgrade the material characteristics, and lower the mechanical properties. For example, 
it caused 60% of rejections in final step of the product assembly in the aerospace industry [1]. Therefore, 
it was imperative to find other drilling methods to minimize delamination [2-4]. There are some 
methods to decrease delamination based on proper cutting conditions, tool coating, tool geometry etc.  
Thrust force and delamination in the drilling process in able to be predicted using analytical and 
numerical models. Analytical researches have predicted thrust force with the start of FRP delamination. 
Hocheng and Dharan developed the first analytical model [5]. This model showed that delamination 
can occur when thrust force exceeds the critical thrust force. After this proposal, other models have also 
been suggested [6-9]. Finite element models of CFRP are essential in the understanding and optimizing 
machining processes. The computational simulation analysis has been getting higher reliability and 
accuracy so that it is able to predict mechanical properties perfectly such as cutting force, stress 
distributions and so on. In this context, performing all drilling experiments is relatively irrational, in 
terms of economic and time-wasting issues. Therefore, finite element analysis (FEA) is required to 
simulate the FRP machining process with the aid of computer aided engineering (CAE) technology with 
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minimized or without experiments, considering the economic and temporal issues. 
Many researchers investigated the correlations between thrust force and other elements during CFRP 
machining. Arula and Ramulu presented FEA which used maximum stress and Tsai-Hill criteria of 
orthogonal machining of composite [10]. Also, they have concluded that chip formation and material 
removal are correlated with fiber orientation. Other researchers presented 3D drilling FE model which 
simplified unidirectional CFRP orthogonal model [11, 12]. They developed the model using a fracture 
mechanism and virtual crack extension (VCE) method. Other studies have also been carried out 
regarding delamination and thrust force in composite drilling [13, 14]. In these researches, delamination 
modeling used a cohesive element in laminate interface. The model typically predicts the thrust force 
lower than the numerical models. However, none of the previous numerical researches have considered 
FE model according to the kind of the jig systems. 
In this thesis, FE model of CFRP drilling was developed considering the jig system. The FE model 
takes account of a jig and a drill bush. All FE model applied the same cutting conditions and boundary 
conditions. The model consists of fabric carbon fiber plies stacked in different orientations. Therefore, 
this model can predict the intra-ply damage and delamination, which is inter-laminar debonding. To 
validate FE model, thrust force and machinability in relevant to the hole quality were investigated by 
CFRP drilling process. Furthermore, developed FE model was available to predict defects and it 
considered the feed rates and spindle speeds, and verified the model comparing the experimental results. 
 
1.2 Research objectives and approach 
 
The objectives of this study were to consist an FE model to simulate CFRP drilling. We performed the 
geometry simplification of the drill and CFRP specimen to build the FE model using commercial 
simulation tool by ABQUS. Next, we compared the results of CFRP drilling FE model and those of 
experimental. The main study aims were as follows: 
 
 To verify accuracy of developed FE model of CFRP drilling process. 
 To investigate the proper cutting condition during CFRP drilling process. 
 To predict the defects such as delamination and uncut fiber investigated in CFRP specimen 
after CFRP drilling. 
This study involved four stages: 
Step 1: Investigate the characteristics of CFRP drilling. 
Step 2: Carry out the experimental CFRP drilling. 
Step 3: Perform the simulation of CFRP drilling with various spindle speeds and feed rates. 
Step 4: Verify the coincidence between the results of the FE model and that of experimental by 
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comparing the thrust force, the stress contour, and picture. 
 
1.3 Thesis organization 
 
This thesis consisted in figure 1-2. Chapter 2 presents related literatures and studies in characteristics 
of CFRP machining, chip morphology, and CFRP drilling modeling. Chapter 3 describes the FE model 
setup and experimental setup for CFRP drilling. Chapter 4 compares the FE model with experimental 
results regarding thrust force and defects. Finally, Chapter 5 presents the conclusions of this study and 
future work for advanced work.  
 
 
Fig. 1-1. Flow chart of thesis organization 
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2. LITERATURE REVIEW 
 
This chapter shows a review of advanced research in involved with proposed works. Overview 
regarding past and current research relevant with CFRP drilling to predict the defects. Outline of the 
literature review consists of three contents; (1) Cutting mechanism of carbon fiber reinforced plastics 
(CFRPs) (2) Defects in CFRP drilling (3) Modeling of CFRP machining. Modeling of drilling system 
will involve the general researches regarding the dynamic behavior. The predictive FEM model will 
include the general theory of drilling and research of characteristic in CFRP machining. Review of the 
FEM for CFRP drilling will discuss FEM process applied for CFRP drilling system.  
 
2.1 Cutting mechanism of carbon fiber reinforced plastic (CFRP) 
 
Fiber reinforced plastics (FRPs) have different characteristics when they are machined in contrast with 
metal machining, due to the composite materials are anisotropic materials [15]. They are features such 
as stronger than steel and their high corrosion resistance. The most of metals are ductile and 
homogeneous, which are specified by elastics and plastic deformation, and occurrence of the continuous 
chip when they are machined. The results of the metal cutting process reach converging state which the 
cutting forces and surface conditions could be anticipated to the proper accuracy in opposition to the 
machining of the composite materials. Thrust force during machining of FRPs is fluctuating because of 
the fracture of the fibers. While the fibers are broken by the cutting edge, the fiber suffer from the 
shearing and bending by the advancing cutting edge during the composite machining. Therefore, the 
machining quality is affected by the fiber and its orientation [16]. The criteria measurement was more 
difficult for fiber reinforced plastics than that for metals due to the anisotropic and inhomogeneous 
structure. Delamination occurs by the low inter-laminate strength in the structure and high transverse 
forces depend on cutting.  
 
2.1.1 Machining of composite materials 
 
The FRPs have machinability according to the mechanical properties of the composite and fiber 
orientation [17]. While carbon fibers are apt to be broken in brittle form by the cutting edge, the fiber 
tend to be bent in the cutting edge to escape the fiber shearing. Therefore, machined surface quality 
depends on the type of fiber strength and orientation, and the cutting conditions are rely on the fiber 
and the matrix strength. The chip morphology is influenced on the cutting condition, polymer type and 
tool geometry. 
 The polymer matrix in the FRPs is an important affectation in the chip formation and its types, since 
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its strength and stiffness are low-grader than those of reinforcement fibers, and they have at least 
resistance as the cutting. Moreover, the behavior of polymer cutting is influenced on cutting condition; 
tool materials, rake angle, cutting edge radius, depth of cut and cutting speed.  
 
 
Fig. 2-1. The definition of the cutting variable [18] 
 
Wang et al. [18] had been studied the orthogonal cutting of unidirectional FRPs, they discussed 
mechanisms (Fig. 1-1) of orthogonal cutting and chip formation regarding the fiber orientation, tool 
geometry, cutting condition and machinability. They used UD graphite/epoxy composite materials at 
various orientation using PCD tool. They aimed that the factor of the material deletion mechanisms is 
affectation with the fiber orientation. In the figure 1-1, the fiber orientation, θ, determined clockwise. 
The cutting tools used a clearance angle of 7° and rake angles from 20° to 40°. They studied a 
unidirectional fiber arrangements larger than 90°. 
 
2.1.2 Chip formation machining in composite machining 
 
The machining of CFRP is different of the metal cutting in that the chip formation are used for the 
most of composite machining. There are several failure mechanisms in FRPs cutting different with the 
metal cutting. The failure mechanisms consist of the fiber failure, matrix failure, the layer delamination, 
matrix dent and separation between the fiber and the matrix in FRPs cutting. The five modes of FRPs 
chip formation are relevant to the polymer sort and the cutting conditions [19-27]. A continuous chip is 
made by cutting a ductile material, which is made from the plastic deformation, and is formed when 
thermoplastic matrix is cut. The chip morphology is alike with the chip machined the ductile metals. 
The discontinuous chip morphology is made when brittle materials are cut by large depth of cut. Since 
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the knowledge regarding FRPs cutting is limited, it is important to investigate the machining 
characteristics according to fiber orientation. The alteration of fiber orientation considering the cutting 
direction as shown in figure 2-2, and is an important factor in the definition of chip formation and 
machined surface during the FRPs material cutting.  
 
 
 
Fig. 2-2. Schematic view of different fiber angle orientations [19] 
 
Unpredicted fracture is occurred by the CFRP machining that make with very little plastic deformation 
[19]. The chip formation mechanisms in the other researches when unidirectional FRPs have machining 
essentially considered that the fiber orientation and cutting edge have an effect the factors of the chip 
morphology. They can consist of 5 types [19, 21, 22].  
First fracture type demonstrates delamination when the 0° fiber is cut. Delamination takes place 
when 0° fiber orientation cut with the tool of positive rake angle. The crack and propagation take place 
at the interface between an insert tool and FRPs. The bending moment by the failure occurs at the front 
of cutting edge as shown figure 2-3. The cutting force fluctuates such as upward-downward while the 
delamination-bending-fracture is repeated. 
Second fracture type is generated by buckling when the 0° fiber is machined with negative rake angle 
tool. The buckling is induced by the compression along with the fiber direction and the direction of tool 
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movement. The progression of the tool bring about the results that make the fracture at the interface 
between the fiber and matrix, and the fiber is caused by the buckling. The results of the fracture are 
generated with the discontinuous chip such as the dust. The term of the fracture repeat is briefer than 
the fracture repeat of first fracture, therefore, the cutting force fluctuate smaller as shown in figure 2-4.   
 
 
Fig. 2-3. Chip formation mode for 0° fiber orientation cutting with positive rake angle [19] 
 
 
Fig. 2-4. Chip formation mode for 0° fiber orientation cutting with negative rake angle [19] 
 
 
(a) 
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(b) 
Fig. 2-5. Chip formation mode for 45° fiber orientation (a) positive rake angle (b) negative rake 
angle[19] 
 
 Third fracture mechanism is caused by fiber cutting during the FRP machining with the fiber 
orientation angle between 0° and 90° with the tool of positive and negative rake angle. The fracture is 
occurred by the compression along with the axis of the fiber when the fiber is cut. The interface fracture 
of laminate take places depending on the boundary between the fiber and the matrix during cutting 
process. The cracks in the fibers are occurred by the compression in up and down the cutting surface as 
shown in figure 2-5, and those phenomenon are able to find using the microscope. The chip flow 
direction is similar to the fiber orientation during machining with the tool of positive rake angle. The 
deformation of the metal is occurred by the plastic shear when metal is cut, but the plastic deformation 
is generated when FRPs is cut. 
 
 
Fig. 2-6. Chip formation mode for 90° fiber orientation [19] 
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Fig. 2-7. Chip formation mode for 135° fiber orientation [19] 
 
Forth fracture type is caused by deformation in fiber orientation at θ=90˚, which is obtained with a 
discontinuous chip. 
 Fifth fracture type is shearing, which generates when the fiber orientation is 105˚< θ <150˚ during the 
FRPs cutting. The fiber deformation is occurred by the compression forces, the result of that is generated 
to delamination in inter laminar along with the fiber-matrix interface. The fiber has elastic bending 
during the fiber cutting as shown in figure 2-7. In the results of this case, the tool edge is occurred with 
the crack in the fiber-matrix by the compressive stress, and the chip shape is a discontinuous long.  
 
2.2 Modeling of the Carbon Fiber Reinforced Plastic (CFRP) 
 
The experimental studies are expensive and time consuming, it is important to create the FEM 
modeling that can predict the output such as the defects and the characteristic of the machining. An 
FEM analysis presents the rough solutions to difficult problems. The results of an FEM analysis can 
aim of increasing the effectiveness in the cutting process [28, 29]. 
Drilling of FRPs can be considered a vital operation because to the tendency of delamination when 
undergone the mechanical stresses. The principal defects depend on delamination, pullout in exit site 
and improper surface roughness in the hole wall. Many kinds of defects occurred by drilling, 
delamination emerges to be the most critical. It is essential to select proper cutting conditions, due to 
the fact that the selection of inadequate condition could cause unreasonable results. The factors shown 
in figure 2-8 like cutting parameters and tool geometry/material must be considered aiming to obtain 
the optimal performance in drilling experiments, and best hole quality, which was state of minimum 
damage and satisfactory machined surface [15].  
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Fig. 2-8. Principal aspects to be considered when drilling fiber reinforced plastics [17]. 
 
Lasri et al. [30] developed 2-dimensional FE model to suggest the chip formation and damage 
initiation and propagation when UD-CFRP machining is progressed, and they investigated the effect of 
fiber orientation and overall failure process in UD-CFRP. This FEM model simulated the matrix 
cracking, debonding between fiber and matrix, and fiber failure. They observed the failure in around 
the tool edge and the damage propagation along with the fiber orientation, because the surface failure 
is influenced by the fiber orientation. The simulation results were different by the fiber orientation. The 
30° fiber had small damage, and beyond the 45° fiber had increasing damage in the interface during the 
simulation. The debonding was occur between fiber and matrix when the cutting Unidirectional 
composite, following the matrix crashing and the fiber failure. They predicted the principal cutting force 
by the experimental operation from the literature. The thrust force was underestimated and that value 
was assumed to the repeatedly bounce back. 
Venu Gopala et al. [31, 32] developed 2-dimensional Macro and micro FEM model that was used by 
ABAQUS. The model presented the orthogonal cutting of Unidirectional Glass Reinforced Polymer 
(UD GFRP) which consisted of the fiber and matrix separately in the FEM model. Fiber and matrix 
were modelled as equivalent orthotropic homogeneous material. To observe the phenomenon in the 
interface, they used the cohesive zone elements that were the zero thickness. They investigated the 
effects of the fiber orientations, cutting force along with the cutting conditions, the chip occurrence 
mechanisms, the debonding in the interface, and the sub-surface damage. The cutting force and thrust 
force were applied for various fiber orientations (15˚, 30˚, 45˚, 60˚, 75˚, 90˚), depth of cuts (0.1, 0.15, 
0.2 mm) and rake angle (5˚, 10˚, 15˚). They found out that the fiber orientation and depth of cut have 
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an effect on the increase of the cutting force, but the rake angle effects are less. Venu Gopala et al. [33] 
applied a 3-dimensional FEM model can predict cutting forces, occur surface defects and chip 
occurrence mechanisms when UD-CFRP was cut with different fiber orientation, depth of cut and tool 
rake angle. 
 
 
Fig. 2-9. Calculated matrix damage distributions in the macroscopic model (left) and the microscopic 
model (right): top row for a fiber orientation of 90° and bottom row for 0° fiber orientation [32]. 
 
A. Mkaddem and Mansori investigated the FEM model that applied adapting mesh technique and 
dynamic explicit, which were used to simulate the chip occurrence during the UD-GFRP orthogonal 
cutting [34]. The maximum sub-surface damage value was observed in 90° fiber orientation. A 
discrete element method was developed by Iliescu et al. [35]. They simulated the orthogonal cutting 
of UD-CFRP with 0 ° , 45 ° , 90 °  fiber orientations. To increase the simulation accuracy, they 
implemented the experimental cutting tests, reproducing experimental aspects about cutting forces and 
chip formation. They validated FEM model results by the high speed camera. 
Calzada [20] worked comparison about the failure mechanisms when UD-CFRP was cut in the various 
fiber orientations (0°, 45°, 90° and 135°). The FEM model was developed with the ABAQUS based in 
the failure theories, and was able to explain the failure mechanisms that took place by the chip 
occurrence process for each fiber orientation. To validate chip formation, the experimental cutting 
process was worked, which was discovered representing the chip occurrence process. Sntiuste et al. [27] 
validated the FEM analysis by ABAQUS/Explicit. Inducing the surface damage was observed by the 
FEM model when the GFRP and CFRP was cut.  
Rentsch et al. [36] created simulation model of CFRP materials. They used Hashin failure criteria in 
the FEM model that was used to predict at 0° and 90° fiber orientations. They observed surface damage 
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in the 90° fiber orientation and no cracks in the 0° fiber orientation after the cutting processes. They 
observed the predicted chip occurrence mechanisms with the experimental cutting, but the cutting forces 
were underestimated. While the compressive strength of the material become over value and the 
material become degradation, the elements are removed. The material of the yield state stayed between 
the tool and the workpiece, and could carry compressive load. Rentsch et al. [37] made CFRP FEM 
model to foresee the material removal mechanisms in accordance with orthogonal cutting conditions. 
The calculated results well matched experimental results based on the material removal mechanism 
partially. However, measured cutting forces were importantly measured lower than the experimental 
results, although those tendencies were calculated perfectly in case of the explicit fiber/matrix model. 
When CFRPs carried compressive loads in the FEM model, the elements were deleted completely. 
 
2.2.1 Failure criteria 
 
The chip is generated by the deformation process when the failure occurs with the failure criteria setted 
parameter. The simulation of the FRPs was various failure criteria such as Hashin, Maximum Stress, 
Tsai-Hill, Tsai-Wu, Punk, etc. [25, 38, 39, 40].  
The structures of the composite materials are calculated by the stresses at individual integration point 
in their coordinate system. And then, those are calculated by the failure criteria. The FRPs properties at 
the point are reduced according to the failure mode when any failure occurs. 
The failure criteria such as Maximum Stress and Hashin permit the model to apply the different stiffness 
degradation at fractured nodes and that can make a prediction of the cutting force [30]. 
 
- The maximum stress criteria 
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The failure is occurred and the material is declined when 𝑒𝑡,𝑐  >1, and the failure mode make fail 
respectively with different level of load.  
 
- Hashin criteria  
1. Tensile fiber failure (𝜎11 ≥ 0) 
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2. Compressive fiber failure (𝜎11 < 0) 
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3. Tensile matrix failure (𝜎22 + 𝜎33 > 0) 
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4. Compressive matrix failure (𝜎22 + 𝜎33 < 0) 
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5. Interlaminar tensile failure for 𝜎33 > 0 
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6. Interlaminar compression failure for 𝜎33 < 0 
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where 𝜎𝑖𝑗 is the stress components, and T and C is defined the tensile and the compressive strengths 
for the laminar individually. 𝑋𝑇 , 𝑌𝑇  and 𝑍𝑇 are the maximum tensile strengths and 𝑋𝐶 , 𝑌𝐶  and 𝑍𝐶  
are the maximum compressive strengths in the three directions of the material. 𝑆12, 𝑆13 and 𝑆23 are 
shear strengths in the principal material directions respectively [41, 42]. Hashin criteria are similar to 
maximum stress criteria when the failures exceed 1, the failure take place at the nodes of the material 
points and reduced model is applied. Each failure mode make fail respectively at various load grade.  
 The simulations used the failure criteria, Maximum Stress and Hashin failure criteria, present the 
elastic properties by three components; FV1, FV2 and FV3, which components are the matrix failure, 
the fiber failure and the fiber-matrix interface failure.  
 
 The Hoffman criterion can’t present the failure orientation. Therefore, the no various stiffness 
degradation must be applied. While the Hoffman criterion is an appropriateness, all stiffness are 
reduced 
.  
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when the failure criterion exceeds 1, this value remains until the end of the cutting process, and the 
chip formation is completed. While the failure is occur along with the reduced model applied, the 
mechanical properties are changed. 
 
2.2.2 Cohesive zone model 
 
The mechanical model needs called the cohesive zone model (CZM) for the model development, 
which is the region such as chip formation area [43, 31, 32].  
 Calzada [20] studied the failure mechanisms in the micro-scale when CFRPs cutting of the various 
fiber orientations; 0˚, 45˚, 90˚, and 135˚, which the diameter of the fibers is 5~8 μm and the fiber 
volume fraction was 60%. The matrix was modelled with the isotropic material which the fibers 
consisted of an anisotropic elastic material. The simulation model of CFRPs was used by ABAQUS 
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that can simulate advanced damage model. The Calzada simulation showed the cutting force and fiber 
failure, and figure 2-10 shows the fiber failures. 
 
 
Fig. 2-10. Simulation results for different fiber angles workpiece (a) 0° (b) 90° (c) 135° [21] 
 
The workpiece of the 0° fiber orientation showed the separation of the matrix-fiber because of the 
interface failure which generates chip formation as soon as the tool enters the workpiece. The bending 
occurs along with the cutting tool until the fiber failure in the vertical direction of the fiber direction. 
They are shown that the chip formation was occur come off the point of the contact to the tool when the 
0° fiber was cut. While simulating the 45˚ and 90˚ fibers, the fibers smash as the tool contacts CFRPs, 
and which was shown in figure 2-10 (b). The bending stresses generate under the cutting surface, but 
the damage such as the delamination was occurs between fiber and the matrix. When the 135˚ fiber 
orientation was cut by the tool as shown figure 2-10 (c), the fibers were peeled in the tool front because 
of the failure the interface of the fiber and matrix under the cutting surface. After CFRPs were cut, the 
fiber peeling and fiber failure were generated by the bending stress on the cutting surface. The cutting 
forces graph had many variations, and which had a high variability in the simulation of the 90° and 
135° fiber orientations. Therefore, accurate prediction of cutting force was difficult in this machining 
simulation.  
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2.2.3 Carbon Fiber Reinforced Plastic (CFRP) drilling modeling 
 
Vaibhav A. Phadnis et al. [44] developed the 3-dimensional FEM model of CFRP drilling. The FEM 
model can predict the drilling thrust forces and torque properly when those compared with results of 
the experimental cutting. The material model of drilling FEM model used user-defined material model 
according to a stress-based damage criterion in the laminar. The element removal method based on 
the limit stress levels in CFRPs was worked in the material model properly in CFRP drilling. They 
consisted of drilling FEM model with the cohesive zone elements between the composite laminar as 
shown figure 2-11, and which can predict the delamination in the inter-laminar. Delamination in the 
drill entry was reasonable, while the delamination shape as well as the size were slightly over-
measured at the drill exit. They found out the optimal drilling cutting conditions in CFRP drilling with 
the FEM model. They observed that the thrust force, torque and delamination damage increase 
according to the feed rate, while degraded continuously by increasing cutting speeds. 
 
 
Fig. 2-11. Finite-element model of drilling T300/LTM-45EL CFRP laminate. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) [44]. 
 
N. Feito et al. [45] developed the FEM model using two methods. Firstly, complete drilling model, 
including feed and rotation of the drilling was created. Secondly a simplified model, assuming that the 
drill acted such as a punch. These were compared about the delamination prediction. Developed model 
slightly overestimates the result of delamination factor. The simplified simulations present the results 
in several minutes, while completed model needs several days. They found out that the delamination 
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factor is increased when the thrust force is increased. The maximum delamination is same with the 
emerged by complete penetrating the workpiece with punch with similar drill geometry.  
N. Feito et al. [46] were aimed to optimize drill geometry and process parameters to control 
machinability and investigate the drill wear after drilling process. They developed FE model using 
woven CFRP and the tool geometry of new and abrasion tools. They were able to estimate the thrust 
force and delamination in terms of abrasion and complex drills. Proposed model had presented estimate 
of damage and thrust force which were validated by using the experimental results. 
 
 
Fig. 2-12. Section of the hole during penetration of the drill simulated with complete model:        
(a) entrance and (b) exit of the drill [45]. 
 
 
Fig. 2-13. Scheme of the pre-drilled hole in the simplified model [45]. 
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Fig. 2-14. Scheme of the complete model. Drill entrance simulation:                          
(a) initial and (b) final drill position [46]. 
 
 
 
 
Fig. 2-15. Model of the geometries: (a) helical new (b) helical honed (c) and step [46]. 
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2.3 Summary 
 
In this chapter, we discussed existing researches dealing with CFRP cutting mechanisms and CFRP 
drilling simulations. CFRP cutting mechanism is different with that of metal cutting in that the chip 
morphologies are affected by fiber orientation: the chip morphology during CFRP cutting is dust type. 
During CFRP drilling, thrust force is defined as a key factor occurring delamination and fiber uncut. 
Therefore, the FE model has been commonly utilized in CFRP drilling modeling to find the thrust force. 
The FE model of CFRP drilling can find the chip morphology and defect such as delamination, fiber 
uncut, and so on. 
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3. CARBON FIBER REINFORCED PLASTIC DRILLING MODEL 
FOR PREDICTION OF DEFECTS 
 
It is important to comprehension the influence of cutting conditions on CFRP to increase drilling 
process efficiency according to damage reduction. Many kind of the experimental researches were 
implemented in the past to optimize the cutting conditions so as to obtain better performance in CFRP 
drilling process. Some numerical models were also developed to define the critical thrust force in 
CFRP drilling process.  
Finite element method (FEM) provides a system to develop an analytical model, which could 
reasonably shows the CFRP drilling process and predict the corresponding levels of thrust force as 
well as delamination failure within a relatively reasonable computational time. When modeling and 
meshing the FE model, it is imperative to follow experimental conditions as closely as possible. In 
addition, it is essential to define some assumptions to simplify the model in order to speed up the 
analysis or even to make it executable for available computational resources in some cases. A proper 
balance between decreasing the computation time and increasing precision of results is able to be 
gained by an adaptive choice of factors like mesh size and shape. When verified, FE model is 
convenient and efficient to use for engineering works.  
 
3.1 FE model setup 
 
 
 
Fig. 3-1. Progress of Carbon Fiber Reinforced Plastic (CFRP) drilling simplification 
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A 3-dimentional FE model used commercial finite element software ABAQUS/Explicit. The 
simplification process of CFRP drilling for the 3D FEM modeling was shown in figure 3-1. This 
model aims to offer reasonable description of CFRP drilling process and to predict the corresponding 
levels of thrust force as well as delamination failure. This model aims to simulate the drilling of CFRP 
composites.  
 
 
3.1.1 Geometry modeling 
 
The drilling model consist of involve jigs as shown in figure 3-2. A specimen was used Plain-fabric 
CFRP, which consisted of the 14-plis in actual CFRP specimen. However, in FE model, whose 
thickness of ply is 0.429mm each ply has a dimension of 20 mm × 20 mm constitutes 7 plies with a 
stacking sequence of [0/90/0/90/0/90/0]. The reason of consisting the 7-ply is that we assumed the one 
ply in 2-ples. The coordination systems of each ply were defined to account for orientations of 
individual plies and to model the laminate and workpiece behavior precisely. The cohesive is used to 
surface based cohesive in the each CFRP ply interface, which cohesive thickness was defined 10μm. 
The diameter of the drill used in experimental studies and FE model was 9 mm with 135° point 
angle and 30° helix angle. Used drill geometry in this simulation considered the reasonable element 
size, and defined as a rigid body that can decrease the general computational time in the high accuracy 
results. The used shape in drill bit point was plate to resolve the problem of overclosure that was 
shown in figure 3-4 (b). The drill had separation to two parts to reduce the calculation time as shown 
in figure 3-4 (b). The drill was fed into the workpiece in the axial direction using a velocity condition, 
which preforms the feed rate during experiments. An angular velocity about the drill axis equivalent 
to the spindle speeds of 5000rpm, 6000rpm and 7000rpm were imposed on all cases. Three sets of 
simulations were carried out with two different feed rates (0.04mm/rev, 0.06mm/rev) in each of three 
spindle speeds (5000rpm, 6000rpm, 7000rpm).] 
The jig top and bottom to fix of fabric CFRP specimen were used in FE model. The dimension of 
each plate has 20 mm × 20 mm, and the thickness of each plate has 2mm. The jigs were defined to 
rigid body for reason like drill geometry type shown as figure 3-2. The top jig has ∅ 9.2mm hole, 
which are drill bush hole, and the bottom jig has ∅ 12mm hole to inspect such as defects of burr, 
uncut fiber and delamination after drilling.  
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Fig. 3-2. Simplicity of FE model geometry 
 
Table 3-1. Machining parameters in fabric CFRP. 
Spindle speed (rpm) 5000 6000 7000 
Feed rate (mm/rev) 0.04 0.06 0.04 0.06 0.04 0.06 
 
 
3.1.2 Boundary condition 
 
 
Fig. 3-3. Boundary condition of the FE model 
 
 The boundary conditions in this FE model were described to the experimental setup as shown in 
figure 3-3. FE model used jig system, which fixed all face involving the jig and specimen. The jig was 
made to fix the CFRP specimen during CFRP drilling. The bottom side of the top jig was tied to the 
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top side of the first CFRP ply, and the top side of the bottom jig was tied to the bottom side of the 
seventh CFRP ply applying for the tie constraint in order to describe the experimental boundary 
condition. All surfaces of jigs and CFRP specimen were fixed in boundary condition. 
 
3.1.3 Element and mesh types 
 
The elements and mesh size are critical in that computing time and analysis accuracy are closely 
related to them. The brick elements were used for fabric CFRP plate. The mesh type was C3D8R, an 
8-node linear brick, and its global size was 0.15 in the fabric CFRP plates.  
The mesh type of the drill was 3-node triangular shape and C3D6, which was a 6-node linear 
triangular, and it was refined with global size: 0.39 elements the part 1 of drill parts. The mesh type of 
the part 2 was rectangular shape: the swept type, which was defined with global size: 0.39 elements to 
reduce the computing time in part 2 as shown in figure 3-4 (b). Also, the jig mesh of top and bottom 
were swept type which consisted of global size: 2 elements as shown in figure 3-4 (c). 
 
 
 
 
(a) 
 
 
(b) 
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(c) 
Fig. 3-4. Mesh of FE model (a) fabric CFRP (b) drill (c) jig top and bottom 
 
 
3.2 Material property 
 
The characteristic of the composite was anisotropic, which developed modeling applying for an 
elastic behavior to define failure. CFRP was typically modeled as a homogeneous material under the 
numerical cutting simulation. The Elastic properties of fabric composites were listed in Table 3-2 that 
involved that the values of fracture for inter laminar damage and included elastic stiffness, strength 
and fracture energy. Damage evolution was based on the Power law in mixed-mode. A user-define 3D 
of CFRP damage model (VUMAT) with solid elements was developed and implemented in 
ABAQUS/explicit [47] to predict the character and extent of damage through the laminate thickness. 
Interface Cohesive zones were inserted between the plies of the modelled laminate to simulate 
delamination. The general contact in ABAQUS/explicit was defined to simulate contact conditions 
between the drill and the carbon composite laminate, and between the layers by defining appropriate 
contact properties. An element deletion was used to the machining process based on damage initiation 
and damage evolution in the meshed CFRP elements. The cohesive was used as each ply interface 
model for delamination initiation and grew with the failure criterion in each ply interface. The detailed 
cohesive was explained in section 3.4. 
 
Table 3-2. Properties of fabric CFRP. 
E11=E22 E33 υ12 υ23= υ13 G12 G23=G13 ρ 
61.5GPa 7.7GPa 0.05 0.3 3.7GPa 2.9GPa 1600kg/m3 
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3.3 Damage modeling 
 
Damage modeling involves damage initiation as well as damage evolution (section 3.4), and which 
makes progressive damage and failure in cohesive layers that is defined.  
FEM models are used to predict the failure as well as the damage. The method of laminate layup to 
the progressive failure in composite is layer-by-layer that has some advantages as followings:  
 
- First, the three dimensional stress states can be considered. 
- Second, the damage in the inter-ply can be found separately with the complex models visually.  
Also, the damage initiation and propagation in composite material can be found by the element 
removal scheme in ABAQUS/explicit. An element was able to eliminate by the mesh when the stress 
levels are achieved until the limit levels.  
The composite consists of some different physical components of the fiber and matrix. It has an 
heterogeneous property and brittle tendency. The cutting process of CFRP was confirmed in 
experimental studies (chapter 4). The brittle fracture mechanisms were dominated by fiber tensile 
failure, fiber compression failure, matrix tensile failure and matrix compression failure [48]. 
 
 
Fig. 3-5. Algorithm of VUMAT in ABAQUS/explicit [44] 
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Hashin damage model was used to the fiber reinforced composite materials to predict anisotropic 
damage. That related with different failure modes: both fiber damage in tension and compression and 
matrix tension and compressive failure. The damage model was used to the theory of Puck and 
Schurmann in this model that has shown the predictive capabilities for a number of failure criteria in 
composite laminates [49, 50]. In this study, the Hashin criteria were adopted to estimate in fiber damage, 
and the Puck failure criterion was utilized to the matrix failure model. The algorithm of VUMAT 
ABAQUS/explicit was presented in figure 3-5. 
 
Hashin criteria for failure in elastic fibers is defined with the following equation: 
 
[Fiber tensile failure (𝜎11 ≥ 0)] 
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[Fiber compressive failure (𝜎11 < 0)] 
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Puck criteria for failure in brittle epoxy matrix are defined with the following equation: 
 
[Matrix failure] 
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- 27 - 
 
where 𝜎11, 𝜎22, 𝜎33 and 𝜎12 are defined with components of the stress tensors at an integration 
point of an element, and 𝑑𝑓𝑡, 𝑑𝑓𝑐, 𝑑𝑚𝑡 and 𝑑𝑚𝑐 are the damage variables related with failure modes 
in fiber tension and matrix compression. 𝑋1𝑡 and 𝑋2𝑡 are tensile failure stresses, and tensile failure 
stress in fiber direction and 𝑋2𝑐 is compressive failure stress in direction 2, and 𝑆11, 𝑆12 and 𝑆13 are 
defined as shear failure stresses. The parameters for the strength of Fabric-CFRP used in this FEM 
model are listed in table 3-3.  
In drilling FEM analysis, the element deletion was occurred by the mesh, and to remove the elements 
was used to the value of damage variables as calculated from the eq. (3-1) to the eq. (3-3), which was 
used to distinct damage modes in the modelled CFRP materials. The element was removed when the 
condition of the maximum damages was met at all the points of some integration point area of the 
element. The damage value, d (d ∈ max{𝑑𝑓𝑡, 𝑑𝑓𝑐 , 𝑑𝑚𝑡 , 𝑑𝑚𝑐}), was defined when d=1, the element was 
deletion from the mesh and no more resistance to deformation [51]. 
 
Table 3-3. Strength properties of fabric CFRP. 
X1t=X2t X3t X1c=X2c X3c S12 S13=S23 
840MPa 50MPa 570MPa 70MPa 72MPa 100MPa 
 
 
3.4 Delamination modeling 
 
 In the FE model, the delamination modeling in drilling simulation was occurred by the damage 
initiation criteria and damage evolution in ABAQUS/explicit. The criteria based on normal and shear 
stresses when the delamination initiated is defined as the following equation [52, 53]:  
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Where tn, ts and tt are the components of the normal traction stress and the shear traction stresses in the 
cohesive interface respectively, and 𝑡𝑛
0, 𝑡𝑠
0 and 𝑡𝑡
0 are defined with the maximum values of those 
when the deformation is begun [51, 54]. The quadratic nominal stress criterion given in eq. (3-4) was 
used in this FEM damage modeling.  
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Fig. 3-6. Damage initiation, criterion and evolution in the interface cohesive. 
 
The damage evolution with the potential, based on fracture energies which was based on mixed-mode, 
was used to a power law fracture criterion with the following equation: 
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Where 𝐺𝑛, 𝐺𝑠 and 𝐺𝑡  are the immediate fracture energies in normal and shear directions, and 𝐺𝑛
𝑐, 
𝐺𝑠
𝑐 and 𝐺𝑡
𝑐 are the critical values of the fracture energies required to initiate failure in the normal, the 
first and the second shear directions, respectively. The interface cohesive was defined by a traction-
separation law with mode- I failure as described in figure 3-5. The section ① described in figure 3-5 
shows linear elastic behavior by the stiffness of the normal and the two shear directions (Kn, Ks and Kt), 
and it constantly increases till the peak value of the contact separation. At this section, damage does not 
occur. However, point ② of figure 3-5 describes damage initiation criterion, and its required traction 
stresses in the interface are nominated as tn, ts and tt. Section ③ in the figure 3-5 is the damage 
evolution by the critical fracture energy (𝐺𝑛
𝑐, 𝐺𝑠
𝑐 and 𝐺𝑡
𝑐), and this section reveals stiffness degradation 
resulting from the damage evolution. The cohesive properties used in the interface were given in table 
3-4. 
 
Table 3-4. Material properties used in cohesive of the interface. 
Kn  Ks=Kt 𝐺𝑛
𝑐 𝐺𝑠
𝑐=𝐺𝑡
𝑐
 tn ts=tt 𝛽 
1GPa 1GPa 0.2N/mm 1N/mm 10MPa 20MPa 1 
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3.4.1 Contact conditions and friction coefficient 
 
The contact condition and friction coefficient applied for FE model were determined by considering 
various experimental factors. They were cutting speed, feed rate, drill geometry and properties. The 
interaction between the drill and CFRP plies adopted general contact method which is available in 
ABAQUS/explicit which consisted on the basis of the penalty contact method. Therefore, friction test 
was performed by pin-on-disc test to find suitable the friction coefficient in drilling FE model without 
relation with the fiber orientation as shown figure 3-6. The equipment for friction test used UMT 
(Universal Mechanical & Tribology Tester), and tools used tungsten carbide tips (45°, 90°, 120°) for 
pin-on-disc test. All pin-on-disc tests were performed with friction test conditions presented in table 3-
4. The results of the friction test are shown in figure 3-7 (b) and table 3-4. The friction coefficients of 
sharp tips like 45°, 90° initially tend to increase in the graph, since then friction coefficients are 
decreased and accepted by consistent value. In the comparison, the friction coefficient of the 120° tip 
slowly increased by 0.5. We assume that the sharp tips can rapidly penetrate to resin, that is why the 
coefficient of sharp tips are increased.  
The drill geometry used in CFRP drilling are point angle 135°. Therefore, the friction coefficient 
between drill and CFRP laminates was set with constant coefficient of 0.5 to all FE simulations. 
 
 
 
Fig. 3-7. Friction test (pin-on-disc test) setup 
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(a) 
 
 
(b) 
Fig. 3-8. Friction test (a) fabric CFRP specimens of friction test (b) friction coefficient result 
 
Table 3-5. Pin-on-disc test conditions 
Radius Force Time Spindle speed 
10 mm 10 N 5 min 100 rpm 
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3.5 Experiment setup  
 
A machine setup for the experiments of CFRP drilling used the 5-axes CNC machine. The data of 
thrust force was obtained from a data acquisition system (KISLER, USA), and the dynamometer was 
9257B type. The spindle speeds were 5000rpm, 6000rpm and 7000rpm with three different feed rates, 
presented in table 3-1. Thrust forces for the different machining conditions were obtained from the 
setting of figure 3-8.  
 
 
Fig. 3-9 Experimental setup for CFRP drilling 
 
The tool as shown figure 3-9 (a) was B221 type (Kennametal) whose diameter is 9mm, and its helix 
angle is 30°. CFRP specimens whose thickness were ~3mm consist of T300-3k-plain-fabric carbon fiber 
that consisted of 14-plies and epoxy (SK chemical co.) as represented in figure 3-9 (b). Its size is 
20*20mm and its material properties were listed in table 3-2.  
The fixture system used the customized jig systems to fix the CFRP specimen on the dynamometer as 
represented in figure 3-10. The fixture system consisted drill bush which helps guide, locate, and 
support the cutting tool. If this system use the drilling process, a hole accuracy can be increased.  
ABAQUS/explicit is selected for simulation tool to predict the delamination of CFRP during the 
drilling to fulfill the aim of this study. 
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(a) (b) 
Fig. 3-10 (a) drill bit (b) fabric CFRP specimen for CFRP drilling 
 
 
Fig. 3-11 CFRP drilling experimental setup  
 
 
(a) 
135° 
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(b) 
 
(c) 
Fig.3-12 Design drawing of fixture systems (a) drill bush (b) jig top (c) jig bottom 
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3.6 Summary 
 
In this chapter, the FE model for CFRP drilling was established. The authors composed the 
aforementioned setup in the FEM modeling, and simplified the drill geometry. The boundary conditions 
were set in CFRP plates, and the calculation time was considered in designating the elements and 
meshes. VUMAT in the 3D CFRP modeling was used for the material properties, which has the 
characteristics of an anisotropic composite. The damage modeling adopted a user-define 3D of CFRP 
damage model (VUMAT) defined as the Hashin criteria in the fiber and the Puck criteria in the matrix. 
The contact algorithm applied for the ABAQUS/explicit to describe delamination modeling in the 
interface cohesive. The contact friction between the drill and CFRP laminates were used as constant 
coefficients in the FE model. The experiment of CFRP drilling was carried on to verify the FE modeling 
with the results of the experiment.  
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4. VERIFICATION FINITE ELEMENT MODEL AND 
EXPERIMENTAL RESULTS  
 
This chapter describes the verification of FE model developed which was compared with 
experimental results. The FE model was utilized to predict thrust force and defects, and the process is 
illustrated in figure 4-1. The experimental thrust force was measured by dynamometer and the defects 
such as the uncut fiber and hole quality of machined workpiece were investigated by SEM image or the 
naked eye. Also, FE model was used for understanding of thrust force. Those data were used when the 
verification of drilling simulation accuracy was done with the comparison of the results in drilling 
experiment.  
 
 
 
Fig. 4-1. Process to verify the FE model 
      
 
4.1 FE model results of Carbon Fiber Reinforced Plastic (CFRP) drilling 
 
FE model can understand drilling process and predict various factors such as defects and machining 
characteristics during drilling process. Furthermore, it can predict thrust force, delamination using stress 
contour, and hole machinability during drilling process. Developed FE model was verified from 
comparison of experimental results; thrust force graph, chip morphology, and machinability. 
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4.1.1 Thrust force of FE model 
 
Machining time of the drilling process is very short when making a hole. Therefore, we can’t predict 
drill bit position during drilling process. However, FE model could show the drill position during the 
machining. Thrust force of FE model under CFRP drilling fluctuated up and down as shown in figure 
4-2. Cutting condition was 5000rpm and feed rate was 0.06mm/rev. In this graph, thrust force increased 
when drill bit contacted CFRP specimen at first. Afterward, thrust force gradually increased at first to 
the maximum value. Then, thrust force gradually decreased by zero force.  
 
 
 
Fig. 4-2. Position of a drill bit under the drilling process 
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Fig. 4-3. Thrust force of CFRP drilling simulation 
 
As a result of drill machining analysis using the developed FE model, the thrust force was obtained as 
shown in figure 4-3, and the numerical values in this graph are re-written in table 4-1. Cutting conditions 
of drilling process are presented in table 3-1. In this graph, the thrust force is almost similar to 
0.04mm/rev and 0.05mm/rev of the feed rate in the cutting condition of 5000rpm spindle speed. 
However, there are difference thrust force of the spindle speeds of 6000rpm and 7000rpm. In those 
cutting conditions, thrust force with a feed rate of 0.06mm/rev was higher than low. Also, thrust force 
of spindle speed was higher than lower speed. Therefore, the thrust force tends to be influenced by the 
cutting condition.  
 
Table 4-1. Thrust force in FE model of CFRP drilling 
Spindle speed 
[rpm] 
5000 6000 7000 
Feed rate [mm/rev] 0.04 0.06 0.04 0.06 0.04 0.06 
FE model thrust 
force [N] 
252.5 259.1 211.88 333.2 229.3 329.2 
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4.1.2 Stress contour of FE model 
 
Delamination, inter-laminar debonding was observed in drilled CFRP specimen. It is difficult to detect 
delamination at inter-laminar region with naked eyes. However, FE model can predict and analyze the 
delamination which occurs between adjacent layers. Delamination in each layer could be identified by 
FE model as shown in figure 4-4. In this figure, stress contour was shown in the CFRP specimens and 
it represents delamination at inter-laminar regions. Besides, it is possible to identify hole machinability 
by using these pictures. In addition, it was proved that the best cutting conditions of hole machinability 
are as follows: cutting condition 7000rpm and feed rate 0.04 mm/rev which was used in these figures. 
Therefore, those stress contours proved that the hold quality becomes better when the cutting speed is 
higher and the feed rate is less.  
 
 
 
 (a) 
 
 
 
 (b) 
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(c) 
Fig. 4-4. Stress contour in CFRP drilling simulation (a) 5000rpm (b) 6000rpm (c) 7000rpm 
 
 
4.2 Comparison FE model and experimental results 
 
 4.2.1 Thrust force 
 
 Forces of FE model and of experiment in CFRP drilling fluctuated up and down as shown figure 4-5 
and 4-6. Cutting condition was 5000 rpm and feed rate was 0.06 mm/rev in these graphs, which looks 
similar to each other. Cutting force graphs of X and Y direction in the experimental results present sine 
curve in the figure 4-5 and 4-6. In addition, it was confirmed that the simulation results also show the 
same sine curve.  
Thrust force graph also presents that the experimental result and the simulation result show similar 
graph as shown in figure 4-7. Thrust force gradually increased at first to the maximum thrust force value, 
and then gradually decreased, and finally it converged zero although a drill bit was machining the CFRP 
specimen as shown in figure 4-2. Thrust force is important factor related with the delamination in CFRP 
drilling process. Since the higher the speed in the feed direction, the higher the thrust force, which leads 
to delamination.  
 
 
  
- 40 - 
 
 
(a) 
 
 
(b) 
Fig. 4-5. Cutting force of X-direction (5000rpm, 0.06mm/rev) (a) experimental result (b) simulation 
result 
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(a) 
 
 
(b) 
Fig. 4-6. Cutting force of Y-direction (5000rpm, 0.06mm/rev) (a) experimental result (b) simulation 
result 
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(a) 
 
 
(b) 
Fig. 4-7. Thrust force of Z-direction (5000rpm, 0.06mm/rev) (a) experimental result (b) simulation 
result 
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To verify the developed FE model, thrust forces of FE model and that of experiment were compared 
as shown in figure 4-8. In the graph of 5000rpm, error rate of FE model and experimental thrust forces 
was less than about 7%. In the graphs of 6000rpm and 7000rpm, error rate of the lower feed rate was 
lower than high. Therefore, accuracy of developed FE model was identified about 70% from those 
results. 
 
 
(a) 
 
(b) 
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(c) 
Fig. 4-8. Thrust force comparison with FE model and experiment (a) 5000rpm (b) 6000rpm (c) 
7000rpm 
 
Table 4-2. Thrust force comparison of simulation and experiment 
Spindle speed 
[rpm] 
5000 6000 7000 
Feed rate [mm/rev] 0.04 0.06 0.04 0.06 0.04 0.06 
Experimental 
thrust force [N] 
202.1 215.2 183.6 250.5 203.3 255.8 
FE model thrust 
force [N] 
252.5 259.1 211.88 333.2 229.3 329.2 
Error 6.48 % 2.61 % 15.4 % 33.21 % 12.79 % 28.69 % 
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4.2.2 Chip morphology 
 
The chip morphology of experimental drilling is dust shape as figure 4-9 shows. Also, the chip shape 
in FE model was dust chip as figure 4-9 (b) shows. The chip morphology of CFRP drilling was related 
to fiber orientation. It is related with the composite machining mechanism of SEM image in figure 4-
10. When the fiber orientation is lesser than 90°, fiber section of CFRP chip was well-cut. In the contrast, 
the fiber orientation is greater than 90°, fiber section of chip morphology was crumpled and torn shapes. 
In this experiment, various chip morphologies were identified in the figure 4-10 showing well-cut 
shapes (figure 4-10 (a)) and crumpled, torn (figure 4-10 (b)) . This is because the drill bit were cutting 
various fiber orientations with the rotational motion of the drill bit.  
 
 
(a) 
 
(b) 
Fig. 4-9. Chip morphology (a) experimental chip (b) FE model chip 
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(a) 
 
(b) 
Fig. 4-10. SEM image of CFRP chip morphology  
(a) fiber orientation <𝟗𝟎° (b) fiber orientation >𝟗𝟎° 
 
4.2.3 Defects 
 
 There are some defects such as uncut fiber and delamination in CFRP specimens after drilling. We 
compared with defects of FE model and experimental results as shown in figure 4-11. The cutting 
condition of this picture was 5000rpm and feed rate 0.06mm/rev. Figure 4-11 shows the uncut fibers, 
the machinability at the outlet section, and hence, we can state that defects of FE model and those of 
experiment are similar to each other.  
The machinability of drilling process is shown in figure 4-12. In this figure, the hole quality with a 
cutting condition of 7000rpm showed better outlook than that of other cutting conditions. Also, 
machinability of lower feed rate was better than high in the same spindle speed.  
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Fig. 4-11. Defects comparison of FE model and experimental result after drilling process  
(5000rpm, 0.06mm/rev) 
 
 
Fig. 4-12. Comparison of CFRP specimens between FE model and experimental results 
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4.3 Summary 
 
 This chapter consists of result description and deep investigation of the FE model and that of the 
experiments. Functions represented in chapter 3 as well as the theories introduced in chapter 2 were 
applied to the simulation. Thrust force was predicted using ABAQUS with same loading conditions of 
the experiments. Besides, defect such as the uncut fiber was predicted by simulation. During the 
experiments, thrust force was measured by the dynamometer, and they were, consequently, utilized for 
the simulation analysis validation. 
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5. CONCLUSIONS AND FUTURE WORK 
 
5.1 Contributions and Conclusions 
 
The aim of this research is to develop the FE model to foresee the defects and cutting force during 
CFRP drilling. This thesis presents the simplified FE model and the method to predict mechanical 
phenomenon during drilling process. FE model of CFRP drilling was developed by commercial 
software ABAQUS. 
The characteristics of the CFRP machining and the methods for the analysis were presented in the 
literature review. CFRP machining is distinguished from traditional metal cutting since a CFRP 
demonstrates heterogeneous characteristics. For example, fiber orientation affects the chip morphology 
in CFRP cutting. Plus, thrust force in CFRP drilling process is another important factor causing 
delamination. 
In chapter 3, the analysis model of CFRP drilling was developed. Damage, delamination, and boundary 
condition modeling were considered for the simulation using VUMAT. Damage model is adapted with 
Hashin criteria in the fiber failure and Puck criteria in the matrix failure. In addition, delamination 
modeling was applied using cohesive zone. Moreover, friction test was performed by pin-on-disc test 
to investigate the friction coefficient. Pin material used in this test was same with drill bit. Friction 
coefficient was applying for the analysis of FE model of CFRP drilling.  
In chapter 4, CFRP drilling simulation consisted using the method and conditions presented in previous 
chapter. Thrust force of developed FE model shows the change of the thrust force according to the drill 
entry position at the time of drilling was confirmed. Simulation results compared with the experimental 
results to investigate an accuracy of developed FE model. The result error of thrust force was about 7% 
to 33% in FE model results. In addition, chip morphology and uncut fiber shown in the FE model were 
almost same with experimental results.  
 Developed FE model can predict the delamination which related to the stress distribution 
occurring in each layer. In addition, they are available to suggest optimum cutting condition.  
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5.2 Future work 
 
Developed FE model applied for simplification 3D drill model. Those factor caused simulation not to 
be correctly matched to the experiment in terms of thrust force. In the future research, it is imperative 
to check the error rate of thrust force between the experiment and the analysis by considering the 
complex section to the 3D drill model. Maximum error rate of thrust force between the experimental 
and simulation results will be available to reduce to less than 20% for increase FE model accuracy. Also, 
FE model considers heat occurring in drilling process since it is important factor in machining. 
Furthermore, FE model of CFRP drilling process can be developed by applying a metal stack CFRP 
based on developed FE model. 
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